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(57) ABSTRACT

According to an embodiment, a memory system includes: a
nonvolatile memory to which data in the unit of /O data of the
first number of bits are capable of being input in parallel, and
from which data in the unit of I/O data are capable of being
output in parallel; a memory interface; an encoding unit con-
figured to generate the second number of codewords; a decod-
ing unit configured to decode a received word read from the
nonvolatile memory; and a control unit configured to link an
1/O number to the number of the codeword, inputs, to the
encoder, each of the codewords of the data to be input to the
nonvolatile memory as the data about the position of the bit
having the I/O number corresponding to the codeword, reads
the second number of received words from the nonvolatile
memory to decode the received words, and, when there is a
received word that fails to be decoded, reads the received
words again after changing the reading voltage, and decodes
the received word.
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1
MEMORY SYSTEM AND MEMORY
CONTROL METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from U.S. Provisional Application No. 62/131,506,
filed on Mar. 11, 2015; the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a
memory system, and a memory control method.

BACKGROUND

A storage device with a NAND flash memory (hereinafter,
referred to as a NAND memory) stores data in accordance
with the number of electrons (the amount of charge) at the
floating gate in the memory cell. The data may be read by the
application of voltage (reading voltage) in accordance with
the amount of charge. However, the amount of charge of the
memory cell sometimes varies due to various factors. A varia-
tion in the amount of charge sometimes prevents the data from
correctly being read when a predetermined reading voltage is
applied. In light of the foregoing, a common storage device
stores data after encoding the data with an error correcting
code.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an exemplary configuration of
a storage device according to a first embodiment;

FIG. 2 is a diagram of an exemplary configuration of a
nonvolatile memory according to embodiments;

FIG. 3 is a diagram of an exemplary configuration of the
block of a memory cell array with a two-dimensional struc-
ture;

FIG. 4 is a diagram of an exemplary configuration of the
block of a memory cell array with a three-dimensional struc-
ture;

FIG. 5 is a diagram of exemplary threshold distributions;

FIG. 6 is a diagram of an exemplary configuration of an
encoding unit and a decoding unit;

FIG. 7 is a flowchart of an exemplary writing process;

FIG. 8 is a diagram of exemplary data to be input to Encod-
ers;

FIG. 9 is a flowchart of an exemplary reading process;

FIG. 10 is a diagram of exemplary data to be input to
Decoders;

FIG. 11 is a diagram of the input of data to Encoders
according to a second embodiment;

FIG. 12 is a diagram of an exemplary configuration of an
ECC unit according to a third embodiment; and

FIG. 13 is a diagram of an exemplary configuration of an
encoder and a decoder when codewords are generated more
than the number of bits that is a unit of /O data.

DETAILED DESCRIPTION

According to an embodiment, a memory system includes a
nonvolatile memory, a memory interface, an encoding unit,
and a decoding unit. The nonvolatile memory is a memory to
which data are capable of being input in the unit of I/O data
and in parallel, and from which data are capable of being
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output in the unit and in parallel. The unit of /O data is data
of'the first number of bits. The encoder encodes input data to
generate the second number of codewords that is one M-th of
the first number or that is M times the first number on the
assumption that the M is an integer equal to or larger than one.
The decoder decodes a received word corresponding to the
codeword read from the nonvolatile memory. The memory
system further includes a control unit. The control unit links
17O numbers to the second number of codewords. The control
unit inputs, to the encoder, the data that is to be input to the
nonvolatile memory as the data about the position of the bit
having the I/O number corresponding to a codeword. The data
is input to the encoder as the input data by the codeword. The
control unit causes the memory interface to input, to the
nonvolatile memory, a codeword as the data about the posi-
tion of the bit having the I/O number corresponding to the
codeword, and to write the input data to the nonvolatile
memory. The control unit causes the memory interface to read
the second number of received words corresponding to the
second number of codewords from the nonvolatile memory.
When the second number of read received words includes a
received word that the decoding unit fails to decode, the
control unit causes the memory interface to read the received
words corresponding to the second number of codewords
after changing the reading voltage to be applied to the non-
volatile memory, and the control unit causes the decoding unit
to decode the received word corresponding the received word
that fails to be decoded among the received words read with
the changed reading voltage.

The memory system, and memory control method accord-
ing to the embodiments will be described in detail hereinafter
with reference to the appended drawings. Note that the
present invention is not limited to the embodiments.

First Embodiment

FIG. 1 is a block diagram of an exemplary configuration of
the storage device according to a first embodiment. A storage
device 1 according to the present embodiment includes a
memory controller 2, and a nonvolatile memory 3. The stor-
age device 1 may be connected to a host 4. FIG. 1 illustrates
the storage device 1 connected to the host 4. The host 4 is an
electronic device, for example, a personal computer, or a
mobile terminal.

The nonvolatile memory 3, which stores data without vola-
tilization, is, for example, a NAND memory. Herein, an
example in which a NAND memory is used as the nonvolatile
memory 3 will be described. Note that, however, a storage
unit such as a flash memory with a three-dimensional struc-
ture, a Resistance Random Access Memory (ReRAM), or a
Ferroelectric Random Access Memory (FeRAM) may be
used as the nonvolatile memory 3 instead of the NAND
memory. Furthermore, an example in which a semiconductor
memory is used as the storage unit will be described herein.
However, the error correcting process according to the
present embodiment may be applied to a storage device using
a storage unit other than the semiconductor memory.

The storage device 1 may be, for example, a memory card
including the memory controller 2 and the nonvolatile
memory 3 in a package, or a Solid State Drive (SSD).

The memory controller 2 controls the writing to the non-
volatile memory 3 in accordance with a write command (re-
quest) from the host 4. Similarly, the memory controller 2
controls the reading from the nonvolatile memory 3 in accor-
dance with a read command from the host 4. The memory
controller 2 includes a host interface (Host I/'F) 21, a memory
interface (memory I/F) 22, a control unit 23, an ECC unit 24,
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and a data buffer 25. The Host I/F 21, the memory I/F 22, the
control unit 23, the ECC unit 24, and the data buffer 25 are
connected to each other via an internal bus 20.

The Host I/F 21 performs a process in accordance with the
interface specification between the Host I/F 21 and the host 4
to output, for example, instructions or user data received from
the host 4 to the internal bus 20. The Host I/F 21 transmits, for
example, the user data read from the nonvolatile memory 3, or
the response from the control unit 23 to the host 4. Note that
the data to be written to the nonvolatile memory 3 in accor-
dance with the write request from the host 4 is referred to as
the user data in the present embodiment.

The memory I/F 22 writes data to the nonvolatile memory
3 in a writing process in accordance with the instruction from
the control unit 23. Similarly, the memory I/F 22 reads data
from the nonvolatile memory 3 in a reading process in accor-
dance with the instruction from the control unit 23.

The control unit 23 is configured to generally control each
of'the components in the storage device 1. When receiving an
instruction from the host 4 via the Host I/F 21, the control unit
23 controls the components in accordance with the instruc-
tion. For example, the control unit 23 gives the memory I/F 22
an instruction for writing the user data and its parity to the
nonvolatile memory 3 in accordance with the instruction from
the host 4. Similarly, the control unit 23 gives the memory I/F
22 an instruction for reading the user data and its parity from
the nonvolatile memory 3 in accordance with the instruction
from the host 4.

Furthermore, when receiving a write request from the host
4, the control unit 23 determines a storage region (memory
region) in which the user data accumulated in the data buffer
25 is stored in the nonvolatile memory 3. In other words, the
control unit 23 manages the place to which the user data is
written. The link between the logical address of the user data
received from the host 4 and the physical address indicating
the storage region in which the user data is stored in the
nonvolatile memory 3 is stored as an address translation table.

When receiving a read request from the host 4, the control
unit 23 converts the logical address designated in the read
request into the physical address with the address mapping
table, and then gives the memory I/F 22 an instruction for
reading the data from the physical address.

In a common NAND memory, data is written or read in a
unit of data called a page, and is deleted in a unit of data called
ablock. A plurality of memory cells connected to a word line
is referred to as a memory cell group in the present embodi-
ment. When each of the memory cells is a single level cell
(SLC), a memory cell group corresponds to a page. When
each of the memory cells is a multi level cell (MLC), a
memory cell group corresponds to a plurality of pages. The
memory cells are connected also to a bit line while being
connected to the word line. Each of the memory cells may be
identified with the address for identifying the word line and
the address for identifying the bit line.

The data buffer 25 temporarily stores the user data that the
memory controller 2 receives from the host 4 until the user
data is stored in the nonvolatile memory 3. The data buffer 25
temporarily stores the user data read from the nonvolatile
memory 3 until the user data is transmitted to the host 4. The
data buffer 25 temporarily stores codewords generated with
the encoded user data. The data buffer 25 includes, for
example, a general-purpose memory such as a Static Random
Access Memory (SRAM) or a Dynamic Random Access
Memory (DRAM).

The user data transmitted from the host 4 is transferred to
the internal bus 20 and stored in the data buffer 25. The ECC
unit 24 encodes the data to be stored in the nonvolatile
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memory 3 to generate a codeword. Any encoding method may
be used for the encoding. For example, Reed Solomon (RS)
encoding, Bose Chaudhuri Hocquenghem (BCH) encoding,
or Low Density Parity Check (LDPC) encoding may be used.
The ECC unit 24 includes an Encoding unit 26 and a Decod-
ing unit 27. Encoding unit 26 includes at least one encoder.
Decoding unit 27 includes at least one decoder. The details of
the encoding and decoding according to the present embodi-
ment will be described below.

As described above, the nonvolatile memory 3 in the
present embodiment is a NAND memory. FIG. 2 is a diagram
of an exemplary configuration of the nonvolatile memory 3
according to the present embodiment. As illustrated in FI1G. 2,
the nonvolatile memory 3 includes a NAND /O Interface 31,
a NAND control unit 32, a memory cell array (NAND
memory cell array) 33, and a page buffer 34.

The NAND I/O Interface 31 includes a port for a control
signal, a port for data, pins 6 for inputting and outputting a
control signal, and pins 5-1 to 5-8 for inputting and outputting
data. The NAND I/O Interface 31 controls the input from and
output to an external device, and inputs a command such as a
write request or a read request to the NAND control unit 32
when the command is input from an external device via the
pins 6. The NAND control unit 32 controls the operation of
the nonvolatile memory 3 in accordance with, for example,
the command input from the NAND 1/O Interface 31.

Specifically, when a write request is input, the NAND
control unit 32 temporarily stores the data to be written and
input via the pins 5-1 to 5-8 in the page buffer 34 and controls
the components to write the data from the page buffer 34 to
the memory cell array 33. Alternatively, when a read request
is input, the NAND control unit 32 controls the components to
read the data of the read request from the memory cell array
33. The data read from the memory cell array 33 is stored in
the page buffer 34 and is output via the pins 5-1 to 5-8 to the
memory controller 2. Note that the number of bits (the first
number of bits) that is the unit of data to be input to and output
from the nonvolatile memory 3 via the pins 5-1 to 5-8 in
parallel, namely, eight bits is referred to as the unit of input
and output (1/O) data in the present embodiment. Each of the
numbers that are put to the pins 5-1 to 5-8, respectively, is
referred to as an I/O number. The I/O numbers corresponding
to the pins 5-1, 5-2, .. ., and 5-8 are zero, one, . . ., and seven,
respectively. In other words, /O numbers may be referred to
as bit numbers in a unit of I/O data. Note that the unit of I/O
data is not limited to eight bits, and may be, for example, 16
bits although an example in which the unit of I/O data is eight
bits is described herein.

The memory cell array 33 includes word lines and bit lines
as described below such that data is read and written by the
word line. The data input from the pins 5-1 to 5-8 is stored via
the page buffer 34 in the memory cell array 33. However, each
of'the pins 5-1 to 5-8 corresponds to a plurality of bit lines. For
example, the data input from the pin 5-1 is stored in memory
cells connected to bitlines BL.0O, BL8, . . .. The data input from
the pin 5-2 is stored in memory cells connected to bit lines
BL1, BLY, .. .. The data input from the pin 5-3 is stored in
memory cells connected to bit lines BL2, BL.10, . .. . The pins
5-1to 5-8 correspond to the bit lines as described above. Note
that, although the link between the pin and the bit lines is
described on the assumption of the example to simplify the
description, the link is not limited to the example.

Any configuration of the memory cell array is used without
a special limitation for the memory cell array 33 on the
assumption of the present embodiment. The memory cell
array may have a two-dimensional structure as illustrated in
FIG. 3, or may have a three-dimensional structure as illus-
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trated in FIG. 4. Alternatively, the memory cell array may
have a structure except for the structures.

FIG. 3 is a diagram of an exemplary configuration of a
block of a memory cell array with a two-dimensional struc-
ture. FIG. 3 illustrates one of the blocks forming a memory
cell array with a two-dimensional structure. The other blocks
of the memory cell array have the same structure as the
structure in FIG. 3. Asillustrated in FIG. 3, a block BLK ofthe
memory cell array includes (m+1) (the m is an integer equal
to or larger than zero) NAND strings NS. Each of the NAND
strings NS includes (n+1) (the nis an integer equal to or larger
than zero) memory cell transistors MT0 to MTn, and select
transistors ST1 and ST2 that are placed on both sides of a
sequence of the (n+1) memory cell transistors MT0 to MTn.
Each of the memory cell transistors MT shares a diffusion
region (a source region or a drain region) with its facing
memory cell transistor MT. The memory cell transistors MT
are connected to each other in series.

The control gate electrodes of the memory cell transistors
MTO0 to MTn forming the NAND string NS are connected to
the word lines WL0 to WLn, respectively. The memory cell
transistors MTi (i=0 to n) in the NAND strings NS are com-
monly connected to a word line WLi (i=0 to n). In other
words, the control gate electrodes of the memory cell transis-
tors MTi on the same row are connected to a word line WLiin
the block BLK.

Each of the memory cell transistors MTO0 to MTn is a
field-effect transistor having a stacked gate structure formed
on a semiconductor substrate. In that case, the stacked gate
structure includes a charge accumulating layer (floating gate
electrode) and a control gate electrode. The charge accumu-
lating layer is formed on the semiconductor substrate while a
gate insulation film is placed therebetween. The control gate
electrode is formed on the charge accumulating layer while an
inter-gate insulation film is placed therebetween. The thresh-
old voltage of each of the memory cell transistors MT0 to
MTn varies depending on the number of electrons accumu-
lated in the floating gate electrode. Data may be stored in
accordance with the variations of the threshold voltage.

The bit lines BLO to BLm are connected to the drains of the
(m+1) select transistors ST1, and a select gate line SGD is
commonly connected to the gates of the (m+1) select transis-
tors ST1 in a block BLK. The source of the select transistor
ST1 is connected to the drain of the memory cell transistor
MTO. Similarly, a source line SL is commonly connected to
the sources of (m+1) select transistors ST2 and a select gate
line SGS is commonly connected to the gates of the (m+1)
select transistors ST2 in a block BLK. The drain of a select
transistor ST2 is connected to the source of a memory cell
transistor MTn.

Each of the memory cells is connected to a word line and a
bit line. Each of the memory cells may be identified with the
address identifying the word line and the address identifying
the bit line. As described above, the data in the memory cells
(the memory cell transistors MT) in a block BLK is collec-
tively deleted. On the other hand, the data is read and written
in the unit of a plurality of memory cells commonly con-
nected to a word line WL, namely, in the unit of a memory
group.

FIG. 4 is a diagram of an exemplary configuration of a
block of a memory cell array with a three-dimensional struc-
ture. FIG. 4 illustrates a block BLK among a plurality of
blocks forming the memory cell array with a three-dimen-
sional structure. The other blocks of the memory cell array
have the same structure as the structure illustrated in FIG. 4.

As illustrated in FIG. 4, the block BLK includes, for
example, four fingers FNG (FNGO0 to FNG3). Each of the
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fingers FNG includes a plurality of NAND strings NS. Each
of'the NAND strings NS includes, for example, eight memory
cell transistors MT (MT0 to MT7), and select transistors ST1
and ST2. Note that the number of memory cell transistors MT
is not limited to eight. The memory cell transistors MT are
placed between the select transistors ST1 and ST2 such that
their current pathways are connected in series. The current
pathway of a memory cell transistor MT7 that is a first end of
the series connection is connected to a first end of the current
pathway of the select transistor ST1, while the current path-
way of a memory cell transistor MTO0 that is a second end of
the series connection is connected to a first end of the current
pathway of the select transistor ST2.

The gates in each of the select transistors ST1 of the fingers
FNGO to FNG3 are commonly connected to each of the select
gate lines SGDO0 to SGD3. On the other hand, the gates in the
select transistors ST2 in the fingers FNG are commonly con-
nected to a select gate line SGS. Furthermore, the control
gates of the memory cell transistors MT0 to MT7 in a block
BLK are commonly connected to each of the word lines WL0
to WL7. In other words, the word lines WL0 to WL7 and the
select gate line SGS are shared among the fingers FNGO to
FNG3 inablock BLK, while each of the select gate lines SGD
is independently provided to each of the fingers FNGO to
FNG3 even in a block BLK.

The control gate electrodes of the memory cell transistors
MTO0 to MT7 forming a NAND string NS are connected to the
word lines WL0 to WL7, respectively. The memory cell tran-
sistors MTi (i=0 to n) in each of the NAND string NS are
commonly connected to each other by aword line WLi (i=0to
n). In other words, the control gate electrodes of the memory
cell transistors MTi in a row in a block BLK are connected to
a word line WLi.

Each of the memory cells is connected to a word line and a
bit line. Each of the memory cells may be identified with the
address identifying the word line and the address identifying
the bit line. As described above, the data in the memory cells
(the memory cell transistors MT) in a block BLK is collec-
tively deleted. On the other hand, the data is read and written
in the unit of a plurality of memory cells groups MG com-
monly connected to a word line WL.

As described above, there are various types of memory cell
arrays and various methods for producing them. When data is
written to a NAND memory, electrons are inserted in accor-
dance with the data value such that the number of electrons
(the amount of charge) at the floating gate corresponds to one
of a plurality of regions (threshold region). To simplify the
description, an example of a one-bit/cell memory cell that
stores a bit will be described herein. In the one-bit/cell
memory cell, one of two distributions corresponds to “0”
while the other corresponds to “1”. When a voltage is applied
to the memory cell and the applied voltage is equal to or
higher than the voltage value in accordance with the amount
of charge of the memory cell, a current flows. When a voltage
lower than the voltage value is applied to the memory cell, a
current does not flow. Thus, the boundary voltage is deter-
mined for each memory cell in accordance with the amount of
charge of the memory cell. The voltage determined in accor-
dance with the amount of charge of the memory cell is herein
referred to as a threshold voltage (Vth).

Charges are inserted when data is written such that the
voltage is in a desired threshold region. The threshold voltage
varies depending on the memory cell. The number of memory
cells at each threshold value, namely, the frequency at each
threshold voltage is referred to as a threshold distribution.
When the data is read from a memory cell, applying a stan-
dard reading voltage to the memory cell can determine
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whether the data stored in the memory cell is “1”. The stan-
dard reading voltage divides the two threshold distributions.
However, the characteristics of all the memory cells are actu-
ally not the same and this causes the variations in the thresh-
old voltage.

FIG. 5 is a diagram of exemplary threshold distributions. A
distribution 101 and a distribution 102 correspond to the data
values 1 and 0 of the memory cells having a first memory
characteristic, respectively. In other words, the distribution
101 is the frequency (the number of memory cells) at each
threshold voltage of the memory cells to which “1” is written
among the memory cells having the first memory character-
istic. The distribution 102 is the frequency at each threshold
voltage of the memory cells to which “0” is written among the
memory cells having the first memory characteristic. Simi-
larly, a distribution 103 and a distribution 104 correspond to
the data values 1 and 0 of the memory cells having a second
memory characteristic, respectively. A distribution 105 and a
distribution 106 correspond to the data values 1 and 0 of the
memory cells when the memory cells having the first and
second memory characteristics are not distinguished, respec-
tively.

For example, when the threshold distribution of the data
value “0” and the threshold distribution of the data value “1”
are not completely separated as the distribution 105 and the
distribution 106 illustrated in FIG. 5, wrong values are read
from some of the memory cells even when the reading voltage
that is the boundary between the values “0” and “1” is applied
and the reading is performed. In light of the foregoing, data is
usually stored as a codeword in a memory cell after being
encoded with an error correcting code. When the number of
errors is equal to or smaller than the number of errors that can
be corrected, the written data may be restored. However, a
large number of errors prevent the errors from being cor-
rected. Thus, an optimal reading voltage is preferably applied
such that the values “0” and “1” can be distinguished as
correctly as possible when data is read from the memory cell.

When data is read without distinguishing the memory cells
having the first characteristic from those having the second
characteristic, a reading voltage 201 is the optimal reading
voltage to distinguish the data value “0” from the data value
“1”. However, a reading voltage 202 is the optimal reading
voltage for the memory cells having the first characteristic,
and a reading voltage 203 is the optimal reading voltage for
the memory cells having the second characteristic. Thus,
applying different reading voltages to the memory cells hav-
ing the first characteristic and the memory cells having the
second characteristic, respectively, can reduce the errors in
the reading of the data from the memory cells having either of
the characteristics.

The characteristic of each of the bit lines (the characteristic
of the memory cells connected to a bit line) may be consid-
ered as one of the factors for determining the characteristic of
amemory cell. The characteristics of the memory cells some-
time vary according to each bit line, for example, depending
on the production method. The variations in the memory cell
characteristic have periodicity. For example, the even-num-
bered bit lines have a characteristic different from the char-
acteristic of the odd-numbered bit lines and when the char-
acteristics vary in a cycle of four bit lines, a characteristic A,
a characteristic B, a characteristic C, and a characteristic D
repeatedly appear in the bit line direction. In such a case,
appropriately changing the reading voltage according to the
bit lines having the same characteristic (the memory cells
connected to the bit lines) can reduce the errors in the reading
of'the data from the memory cell having either of the charac-
teristics.
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The periodicity of the characteristics of the memory cells
described above may be caused by variations in the manufac-
turing process, for example, where thicknesses of the bit lines
or widths of the spaces among the bit lines vary periodically.
Additionally, when a memory cell array has a staggered struc-
ture in which a sets of N contacts are repeatedly placed while
forming a staggered arrangement on the assumption that N is
an integer equal to or larger than two, N types of character-
istics sometimes appear periodically.

However, a reading voltage is applied to each of the word
lines in a NAND memory to read data. Thus, different reading
voltages are not applied to the memory cells connected on a
word line in the usual condition.

To reduce the errors in the reading of data, a codeword is
generated with the data corresponding to the same /O num-
ber (the data input via the pin corresponding to the same I/O
number to the nonvolatile memory 3) in the unit of I/O data in
the present embodiment. Eight codewords are generated in
parallel because an I/O data unit is eight bits in the present
embodiment. The codewords are stored in a page in the
present embodiment. Thus, eight codewords are generated
per page. To simplify the description, it is assumed herein that
eight codewords are generated per page. However, the num-
ber that is a multiple of eight of codewords may be generated.
A certain reading voltage is used first to read data from the
nonvolatile memory 3. Then, the received words correspond-
ing to the read data, namely, the written codewords are
decoded. When there is a received word that fails to be
decoded, the data corresponding to the /O number of the
codeword that fails to be decoded is read again after the
reading voltage is changed. Then, the data read again, namely,
the data corresponding to the data that fails to be decoded is
decoded. As a result, a reading voltage appropriate to each [/O
number may be applied to read data. Note that, because the
unit of I/O data is eight bits, the present embodiment may be
applied when the bit lines have characteristics different
between the even-numbered and odd-numbered bit lines, or
when the characteristics vary in a cycle of four bit lines as
described above.

FIG. 6 is a diagram of an exemplary configuration of an
encoding unit 26 and a decoding unit 27 according to the
present embodiment. As illustrated in FIG. 6, the encoding
unit 26 includes Encoder 261 to Encoder 268, and the decod-
ing unit 27 includes Decoder 271 to Decoder 278 according to
the present embodiment. According to the present embodi-
ment, an Encoder is provided to each of the [/O numbers as
illustrated in FIG. 6 in order to generate eight codewords in
parallel as described above. Similarly, a Decoder is provided
to each of the /O numbers to decode eight codewords in
parallel.

Next, the writing process and reading process according to
the present embodiment will be described. FIG. 7 is a flow-
chart of an exemplary writing process according to the
present embodiment. As illustrated in FIG. 7, when receiving
a write request from the host 4 (step S1), the control unit 23
assigns a physical address to the logical address of the user
data in the write request to determine the position to store the
user data in the nonvolatile memory 3. The storing position is
determined in the unit of page as described above. The
memory controller 2 stores the user data input from the host 4
in the data buffer 25 (step S2). Specifically, the control unit 23
controls the components to divide the user data input from the
host 4 into data by bit and arrange the data in the data buffer
25 in the order of the /O numbers corresponding to the pins
5-1 to 5-8 through which the data of each of the bits is input
to the nonvolatile memory 3. The control unit 23 may link the
user data input from the host 4 to an arbitrary I/O number. For
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example, when data is input from the host 4 in the unit of byte,
the control unit 23 may link the position of a bit in the data in
the unit of byte fixedly to an predetermined I/O number. It is
assumed herein that user data is input from the host 4 in the
unit of byte and the ith bitin a byte is linked to an /O number
1.

According to the present embodiment, the data stored in a
page is divided by the I/O number, in other words, is divided
into eight as described above in order to encode the data. The
codewords form the same structure in every page. Thus, the
control unit 23 can determine the Encoder to which each data
is to be input by maintaining the structures. According to the
present embodiment, the memory controller 2 is configured to
store a page of data in the data buffer 25 so as to input the user
data to an Encoder appropriate to the user data after the user
data forming eight codewords is stored.

FIG. 8 is a diagram of exemplary data to be input to the
Encoders 261 to 268 according to the present embodiment.
The data to be input from the host 4 is illustrated on the top left
of FIG. 8. In the present embodiment, the data in the bits in the
ith byte input from the host 4 are referred to as D,(0), D,(1),
D,(2),...,and D/(7). Note that the number in the parenthesis
indicates the position of the bit in the byte, namely, the [/O
number of the data in the bit. Note that the D,(0), D,(1),
D,2), . . ., and D,(7) are not actually be input as serial
numbers although FIG. 8 illustrates the D,(0), D,(1),
D,(2), . . ., and D«(7) as serial numbers. The D,(0), D,(1),
D,(2),...,and D7) may be input in parallel. The control unit
23 collectively manages the user data having the same /O
number when the user data are input from the host 4 and
stored in the data buffer 25. The data encompassed with each
rectangle in the data buffer 25 illustrated in FIG. 8 are the data
having the same I/O number, namely, the data having the
same number in the parentheses. Note that the addresses are
not necessarily arranged consecutively in the data buffer 25.
This is because it is necessary only to confirm the position at
which the data having the same I/O number are stored
together.

With reference to FIG. 7 again, when a page of user data is
stored in the data buffer 25, the control unit 23 inputs the data
read from the data buffer 25 to the Encoders appropriate to the
1/0 numbers of the data (step S3). Specifically, as illustrated
in FIG. 8, the data having the same I/O number are input to the
Encoder appropriate to the I/O number. In the example of
FIG. 8, the Encoders 261, 262, . . ., and 268 correspond to the
/O numbers 0,1, . .., and 7, respectively. It is assumed in the
present embodiment that user data of n byte (nxeight bits) is
stored in a page, and each of the Encoders 261, 262, . . ., and
268 encodes the user data of n bits and generates a parity of m
bits.

Next, the Encoders 261 to 268 generate codewords by
encoding the input user data (step S4). As described above,
the encoding generates a parity of m bits. Thus, as illustrated
in FIG. 8, each of the codewords includes (n+m) bits. In FIG.
8, the jth bit in the parity of m bits corresponding to an I/O
number k is indicated as P (k).

Next, the memory controller 2 stores the generated code-
words in the nonvolatile memory 3 (step S5). Then, the pro-
cess for writing a page of data is terminated. Specifically, the
codeword having an I/O number are input via the pin corre-
sponding to the I/O number to the nonvolatile memory 3 and
are stored in the memory cell array 33 in the nonvolatile
memory 3.

Next, the reading process will be described. FIG. 9 is a
flowchart of an exemplary reading process according to the
present embodiment. As described in FIG. 9, when receiving
a read request from the host 4 (step S11), the memory con-
troller 2 reads the data from the nonvolatile memory 3 (step
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S12), and stores the data in the data buffer 25 (step S13).
Specifically, the control unit 23 finds the physical address of
the user data in the read request from the logical address of the
user data. Subsequently, the control unit 23 designates the
physical address and gives the memory I/F 22 an instruction
for reading the data from the page corresponding to the physi-
cal address in the nonvolatile memory 3. Then, the memory
1/F 22 reads the data from the nonvolatile memory 3 in accor-
dance with the instruction. The read data is stored in the data
buffer 25. Meanwhile, the control unit 23 manages the data
stored in the data buffer 25 by the [/O number, similarly to the
writing of data.

The control unit 23 inputs the data having an I/O number to
a Decoder appropriate to the I/O number (step S14). FIG. 10
is a diagram of exemplary data to be input to Decoders 271 to
278 according to the present embodiment. As illustrated in
FIG. 10, each of the data stored in the data buffer 25 is input
to the Decoders 271 to 278 appropriate to the data.

With reference to FIG. 9 again, the Decoders 271 to 278
decode the input data (step S15). Note that the decoding
includes the process for correcting an error in the data. When
correcting an error, the Decoders 271 to 278 update the datain
the data buffer 25 with the data in which the error is corrected.
Furthermore, the Decoders 271 to 278 notifies to the control
unit 23 whether the data is successfully decoded, in other
words, the errors in the data are successfully corrected. Next,
the control unit 23 initializes a counter i that indicates the
number of iteration of decoding (step S16). The control unit
23 determines whether there is a Decoder that failed to decode
the data in accordance with the notification from each of the
Decoders 271 to 278 (step S17).

When there is a Decoder that failed to decode the data (Yes
in step S17), the control unit 23 determines whether the
counter 1 indicates the value equal to a value imax that indi-
cates the upper limit of the number of iteration (step S18).
When the number that the counter i indicates is not equal to
the number imax (No in step S18), the control unit 23 deter-
mines that i=i+1 holds (step S19). Then, the memory control-
ler 2 reads the data again with a reading voltage different from
the reading voltage used in the reading in step S12 (step S20)
to store the read data in the data buffer 25 (step S21). Specifi-
cally, the control unit 23 gives the memory I/F 22 an instruc-
tion for reading the data having the same physical address as
the data read in step S12 with a reading voltage different from
the reading voltage used in the reading in step S12. Subse-
quently, the memory I/F 22 reads the data from the nonvola-
tile memory 3 in accordance with the instruction. The read
data is stored in the data buffer 25. At that time, it is not
necessary to store the data that has been decoded successfully
in the data buffer 25.

The control unit 23 inputs the data having the I/O number
corresponding to the Decoder that failed to decode the data in
the data read from the nonvolatile memory 3 in the data buffer
25 (step S22). The Decoder to which the data is input, namely,
the Decoder that failed to decode the data decodes the input
data (step S23). Then, the process goes back to step S17.

When it is determined in step S17 that there is no Decoder
that failed to decode the data (No in step S17). [t is determined
that the data is successtully decoded and the process is ter-
minated. Alternatively, when the number that the counter i
indicates is equal to the number imax in step S18 (Yes in step
S18), the control unit 23 determines that the data failed to be
decoded and the decoding is failed, and the process is termi-
nated.

The memory controller 2 performs the process every time
apage is read. When the process is terminated, the data that is
successfully decoded is transmitted to the host 4. When there
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is data that fails to be decoded, a predetermined process that
is to be performed when the data fails to be decoded is per-
formed. The predetermined process is, for example, a process
for notitying to the host 4 that the data fails to be decoded, or
aprocess for starting the next decoding process when the data
is encoded with a multiple-stage error correcting method.

According to the present embodiment, when there is a
Decoder that fails to decode data, only the data having the [/O
number corresponding to the Decoder is decoded again, using
the data that is read again with a changed reading voltage as
described above. This can read data with a reading voltage
appropriate to the characteristic of the bit line of the data
when the bit lines have different characteristics varying from
each other periodically, and thus can reduce the errors in the
reading.

Note that any method may be used for the method for
changing the reading voltage. For example, an optimal read-
ing voltage is determined for each of the bit lines by tests
before the shipment of the memory cell array. When the
characteristics are divided into four; A, B, C, and D, and the
four characteristics appear periodically according to the bit
lines, and furthermore each of the memory cells is a single
level cell, the reading voltages corresponding to the charac-
teristics A, B, C,and D are set as voltages V ,, V5,V ,and V..
Reading voltages that can reduce errors in all of the memory
cells that have the characteristic A, B, C, or D are used in the
initial reading (reading in step S12). When there is a Decoder
that fails to decode data, the data is read again with, for
example, the voltage V, among the voltages V,, V5, V., and
V. When there is still a Decoder that fails to decode data, the
data is read with the voltage V. When a Decoder that fails to
decode data still remains after the data is read with all of the
voltagesV ,, V5, V., and V,, the data may be read again with
areading voltage different from the voltages V ,, V5, V-, and
Vp.

The eight Encoders 261 to 268 are used in the present
embodiment to generate eight codewords by the I/O number.
For example, an Encoder, or less than eight Encoders may be
used to generate codewords by the /O number with a time-
sharing encoding method. Similarly, a Decoder, or less than
eight Decoders may be used to decode the data of each of the
1/0 numbers with a time-sharing decoding method.

When the memory cells are multi level cells, a plurality of
reading voltages are set at a single reading. Thus, a plurality
of reading voltages is determined for each of the characteris-
tics. For example, when the bit lines have four characteristics
as described above and each of the memory cells is a two-bit/
cell memory cell, reading voltages are found for each of the
boundaries among the threshold distributions, in other words,
three reading voltages are found. Then, the reading voltages
are used to read the data again, similarly to the reading pro-
cess described above.

Second Embodiment

Next, a second embodiment will be described. A storage
device 1 according to the present embodiment has the same
structure as the structure of the storage device 1 according to
the first embodiment. Hereinafter, the different points from
the first embodiment will be described.

According to the first embodiment, data are encoded after
all of the data to be input to the Encoders 261 to 268 are stored
in the data buffer 25. However, data may be input to the
Encoders 261 to 268 before all of the data are stored in the
data buffer 25. FIG. 11 is a diagram of the input of the data to
Encoders 261 to 268 according to the present embodiment.
When, for example, a data D,(0) is input to the Encoder 261

5

10

15

20

25

30

35

40

45

50

55

60

65

12

in the present embodiment, the Encoder 261 encodes D, (0)
with an encoding operation, and outputs D,(0) without ini-
tializing the state inside the Encoder 261. Next, when a data
D, (0) is input to the Encoder 261, the Encoder 261 encodes
D, (0) with an encoding operation continuing from the state of
the encoding operation of Dy(0), and outputs D, (0) without
initializing the state inside the Encoder 261. As described
above, an Encoder performs an operation every time a piece
of'data is input to the Encoder. This can reduce the capacity of
the data buffer 25.

Similarly, the Decoders 271 to 278 may start decoding
before all of the data read the nonvolatile memory stored in
the data buffer 25. Each of the data may be sequentially input,
decoded and output, and the output data may be stored in the
data buffer 25. The other operations in the present embodi-
ment are the same as the operations in the first embodiment.

Third Embodiment

Next, a third embodiment will be described. FIG. 12 is a
diagram of an exemplary configuration of an ECC unit 24a
according to the present embodiment. The configuration of
the storage device according to the present embodiment is the
same as that of the storage device 1 according to the first
embodiment except that the storage device according to the
present embodiment includes the ECC unit 24« instead of the
ECC unit 24 in the first embodiment. The ECC unit 24a
includes an Encoding Unit 264 and a Decoding Unit 27a. The
Encoding Unit 26a includes Encoders 261 to 264. The
Decoding Unit 274 includes Decoders 271 to 274. Hereinat-
ter, the points different from the first embodiment or the
second embodiment will be described.

According to the first embodiment, a codeword is gener-
ated for each of the I/O numbers. However, codewords fewer
than the number of bits of the unit of /O data may be gener-
ated. For example, the number of codewords to be generated
is one M-th (the M is an integer equal to or larger than one) of
the number of bits of the unit of I/O data. The Encoders 261
to 264 are used to generate four codewords in the present
embodiment when the unit of I/O data is eight bits, similarly
to the first embodiment. Specifically, as illustrated in FIG. 12,
data D,(0), D,(1), D,(2), and D,(3) are input to the Encoders
261, 262, 263, and 264, respectively, and data Dy(4), Dy(5),
Dy (6), and D(7) are subsequently input to the Encoders 261,
262,263, and 264, respectively. The data corresponding to the
1/O number 0, and the I/O number 4 are input to the Encoder
261. The data corresponding to the I/O number 1, and the [/O
number 5 are input to the Encoder 262. The data correspond-
ing to the I/O number 2, and the I/O number 6 are input to the
Encoder 263. The data corresponding to the /O number 3,
and the /O number 7 are input to the Encoder 264. As
described above, a codeword is generated with the data cor-
responding to two I/O numbers at an interval of three. This
enables a codeword to be generated according to each of the
characteristics when the characteristics vary in a cycle of four
bit lines. Note that data may be input to the Encoders 261 to
264 after all of the data are stored in the data buffer 25 once as
described in the first embodiment, or data may sequentially be
input to the Encoders 261 to 264 as described in the second
embodiment.

To decode the data, the data corresponding to the I/O num-
ber 0 and the I/O number 4 are input to the Decoder 271, the
data corresponding to the /O number 1 and the I/O number 5
are inputto the Decoder 272, the data corresponding to the [/O
number 2 and the I/O number 6 are input to the Decoder 273,
and the data corresponding to the I/O number 3 and the /O
number 7 are input to the Decoder 274. Note that data may be
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input to the Decoders 271 to 274 after all of the data are stored
in the data buffer 25 once as described in the first embodi-
ment, or data may sequentially be input to the Decoders 271
to 274 as described in the second embodiment. The other
operations in the present embodiment are the same as the
operations in the first embodiment.

According to the present embodiment, four codewords are
generated while the [/O numbers are divided into four sets of
two numbers. However, codewords may be generated with
two Encoders from the data having the even-numbered 1/O
numbers and from the data having the odd-numbered 1/O
numbers, respectively.

As illustrated in FIG. 13, the number of codewords more
than the number of bits of the unit of [/O data may be gener-
ated. For example, the number of codewords to be generated
is M times (the M is an integer equal to or larger than one) the
number of bits of the unit of [/O data. FIG. 13 is a diagram of
an exemplary configuration of an ECC unit 245 to generate
the number of codewords more than the number of bits of the
unit of /O data. By generating the number of codewords more
than the number of bits of the unit of I/O data, the data may be
read with a reading voltage appropriate to the characteristic of
the bit line even when the characteristics vary in a longer cycle
than the unit of I/O data. The configuration of the storage
device in the example in FIG. 13 is the same as that of the
storage device 1 according to the first embodiment except that
the storage device in the example in FIG. 13 includes the ECC
unit 245 instead of the ECC unit 24 in the first embodiment.

The ECC unit 245 includes an Encoding Unit 265 and a
Decoding Unit 27b. The Encoding Unit 265 includes 16
Encoders, Encoders 261 to 268, and 281 to 288 in total. The
Decoding Unit 275 includes 16 Decoders, Decoders 271 to
278, and 291 to 298 in total.

As illustrated in FIG. 13, for example, data D(0) to Dy(7)
are input to Encoders 261 to 268, respectively and data D, (0)
to D, (7) are input to Encoders 281 to 288, respectively. Sub-
sequently, data D,(0) to D,(7) are input to Encoders 261 to
268, respectively, and data D;(0) to D5(7) are input to Encod-
ers 281 to 288, respectively. As described above, the data
having an I/O number are divided and input to the two Encod-
ers. This generates 16 codewords.

To decode the data, 16 Decoders are used similarly. The
other operations in the present embodiment are the same as
the operations in the first embodiment.

According to the present embodiment, the number of code-
words fewer or more than the number of bits of the unit of /O
data is generated as described above. This can reduce the
number of codewords to be generated in parallel in compari-
son with the first embodiment when different characteristics
appear in a cycle shorter than the unit of /O data, and thus can
reduce the number of Encoders and Decoders. This also can
read data with a reading voltage appropriate to the character-
istic of the bit line when different characteristics appear in a
cycle longer than the unit of /O data.

An example in which the variations in the memory char-
acteristic have periodicity in the bit line direction is described
in the embodiments. However, not only when the variations
have periodicity, but also when the bit lines randomly have
different characteristics, a codeword may be generated
according to each of the characteristics.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
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ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A memory system comprising:

a nonvolatile memory to which first to m-th (the m is an
integer equal to or larger than two) data are capable of
being input in parallel, and from which the first to m-th
data are capable of being output in parallel;

a memory interface configured to control reading/writing
data from/to the nonvolatile memory;

an encoding unit configured to encode each of first to n-th
(the n is an integer equal to or larger than two) input data
to generate first to n-th codewords; and

a control unit configured to link the first to n-th codewords
to the first to m-th data to be input to the nonvolatile
memory and cause the memory interface to write the first
to m-th data to the nonvolatile memory.

2. The memory system according to claim 1, wherein the
nonvolatile memory includes a plurality of bit lines, a plural-
ity of word lines, and a plurality of memory cells connected to
the bit lines and the word lines, and the first to m-th data are
stored in the memory cells separately connected to the bit
lines, respectively.

3. The memory system according to claim 1, further com-
prising:

a decoding unit configured to decode each of first to n-th
received words that correspond to the first to n-th code-
words to output the decoded first to n-th received words
as output data,

wherein the control unit causes the memory interface to
read the first to m-th data from the nonvolatile memory
to link the read first to m-th data to the first to n-th
received words.

4. The memory system according to claim 3, wherein the
control unit causes the memory interface to change a reading
voltage and read the first to m-th data from the nonvolatile
memory when the control unit determines that the decoding
unit failed to decode an a-th (the a is an integer and 1=<a=n
holds) received word among the first to n-th received words.

5. The memory system according to claim 4, wherein the
control unit inputs a piece of data corresponding to the a-th
received word among the first to m-th data read with the
changed reading voltage to the decoding unit, and

the decoding unit decodes the input data corresponding to
the a-th received word.

6. The memory system according to claim 5, wherein the
encoding unit includes first to n-th encoders, and a b-th (the b
is an integer and 1=<b=n holds) encoder generates the b-th
codeword in accordance with the b-th input data.

7. The memory system according to claim 6, wherein the
decoding unit includes first to n-th decoders, the control unit
inputs a c-th (the ¢ is an integer and 1=c=n holds) received
word to the c-th decoder, and the c-th decoder decodes the
c-th received word.

8. The memory system according to claim 7,

wherein a value of the m is identical to a value of the n, and

the control unit links a d-th (the d is an integer and 1=d=n
holds) codeword to the d-th data, and links the d-th data
to the d-th received word.

9. The memory system according to claim 8, wherein the
control unit causes the memory interface to read the first to
m-th data from the nonvolatile memory with a reading voltage
corresponding to the d-th data when the control unit deter-
mines that the decoding unit fails to decode the dth received
word.
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10. The memory system according to claim 3, wherein the
value of the m is a value that is e (the e is an integer equal to
or larger than two) times the value of the n, and the control
unit links a f-th (the f'is an integer and 1=f<n holds) codeword
to (g—e+1)-th to g-th (the g is an integer that is e times f) data,
and links the (g—e+1)-th to g-th data to the f-th received word.

11. A method for controlling a nonvolatile memory to
which first to m-th (the m is an integer equal to or larger than
two) data are capable of being input in parallel, and from

which the first to m-th data are capable of being output in 10

parallel, the method comprising:
encoding each of first to n-th (the n is an integer equal to or
larger than two) input data to generate first to n-th code-
words;
linking the first to n-th codewords to the first to m-th data to
be input to the nonvolatile memory; and
writing the first to m-th data to the nonvolatile memory.
12. The method according to claim 11, wherein the non-
volatile memory includes a plurality of bit lines, a plurality of
word lines, and a plurality of memory cells connected to the
bit lines and the word lines, and the first to m-th data are stored
in the memory cells separately connected to the bit lines,
respectively.
13. The method according to claim 11, further comprising:
decoding each of first to n-th received words that corre-
spond to the first to n-th codewords to output the
decoded first to n-th received words as output data,
reading the first to m-th data from the nonvolatile memory
and linking the read first to m-th data to the first to n-th
received words.
14. The method according to claim 13, further comprising:
changing a reading voltage and reading the first to m-th
data from the nonvolatile memory when the decoding of
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an a-th (the a is an integer and 1=a=n holds) received
word among the first to n-th received words is failed.
15. The method according to claim 14, further comprising:
decoding a piece of data corresponding to the a-th received
word among the first to m-th data read with the changed
reading voltage.
16. The method according to claim 15, wherein the encod-
ing is performed with first to n-th encoders, and
a b-th (the b is an integer and 1=<b=n holds) encoder gen-
erates the b-th codeword in accordance with the bth
input data.
17. The method according to claim 16, wherein the decod-
ing is performed with first to n-th decoders, and
a c-th decoder decodes the c-th (the ¢ is an integer and
1=c=n holds) received word.
18. The method according to claim 17, further comprising:
linking a d-th (the d is an integer and 1=d=n holds) code-
word to the d-th data, and linking the d-th data to the d-th
received word,
wherein a value of the m is identical to a value of the n.
19. The method according to claim 18, further comprising:
reading the first to m-th data from the nonvolatile memory
with a reading voltage corresponding to the d-th data
when the decoding of the d-th received word is failed.
20. The method according to claim 13, further comprising:
linking the f-th (the f'is an integer and 1=f<n holds) code-
word to the (g—e+1)-th to gth (the g is an integer that is
etimes f) data, and linking the (g—e+1)-th to g-th data to
the f-th received word,
wherein the value of the m is a value that is e (the e is an
integer equal to or larger than two) times the value of the n.
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